




ABSTRACT 

Hydraulic model studies of the proposed Granby D'am spillway 
modification indicated that ;the preliminary design of the modifi- 
cation was satisfactory with the addition of a plunge basin not 
originally contemplated. Operation of the existing spillway at a 
maximum rate of 1,168 cfs eroded the mountainside and under- 
mined the end of the chute. The modificatiol~s proposed include 
removal of the downstream 160 ft of spillway and construction of 
a new chute with flip bucket and riprap-lined plunge basin down- 
stream. The model studies were undertaken to develop the hy- 
draulic design of these features. A flow deflector pad on the 
chute floor and a transition for. the curved superelevated portion 
of the chute was developed to provide more nearly symmetrical 
flow distribution in the flip bucket jet. Increasing the tangent 
angle at the lip of the flip bucket to 45 deg and lowering the ele- 
vation of the basin floor at the bucket lip increased the effective- 
ness of the plunge basin pool. The basin was developed to still 
the energy in flows up to 3,000 cfs and to prevent erosion in the 
area  adjacent to  the flip bucket for flows up to 12,000 cfs. P r e s -  
sures recorded i n t h e  flip bucket indicated satisfactory pressure 
conditions would occur at the 'entrance to the left wall drain and 
on the downstream face of the l ip and that the training walls should 
be designed to withstand a pressure  of about 60 ft of water at  the 
invert of the bucket radius. 
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he.modeled portion of the reservoir  area  and approach channel was 
ontained in a 14-foot-wide by 11-foot-longhead box. A6-inch rock 
affle extended across ' the width of the box to quiet the reservoir  water 

.. . . 

INTRODUCTION 

Granby Dam, Colorado-Big Thompson Project, is located about 
4 miles northeast of the town of Granby, Colorado (Figure 1). The 
dam is a combination earth and rock fill structure having a height of 
240 feet above the river. It intercepts the flow of the Colorado River, 
Willow Creek, Meadow Creek, and Strawberry Creek to form a stor-  
age reservoir .  Water from the reservoir  is pumped into Shadow 
Mountain Lake and, thus, made available for delivery through the 
Continental Divide Tunnel to  the eastern slope of the Divide. 

The outlet works and spillway with capacities of 500 cfs and 12,000 
cfs, respectively, a r e  located in the left abutment of the dam. The 
existing spillway chute (Figure 2) is a superelevated, curved channel 
that conveys the flow from the gate structure to  the edge of the moun- 
tainside where it discharges into the atmosphere approximately 170 
feet above the left bank of the r iver  channel. The spillway operated 
in the summer of 1962 discharging 17,000 acre-feet of water at  a 
maximum rate  of 1,168 cfs. This operation eroded the momtainside 
and undermined the end of the chute, endangering its stability (Fig- 
u re  3) .  

To prevent further undermining of the chute, plans were made to 
modify the existing spillway. These modifications (Figures 2 and 4) 
will include removal of the downstream 160 feet'of the existing chute 
excavation and construction of a new chute with flip bucket, and con- 
struction of a riprap-lined plunge basin downstream from the flip 
bucket on the left bank of the r iver  channel. Model studies for the 
original spillway design a r e  described in ~ ~ d r a u l i c % a h o r a t o r ~  
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constructed of wood. 

THE INVESTIGATION 



the flow deflector were tested to obtain the desired results. In addi- 
tion, shortening the transition from the existing superelevated floor 
improved the flow distribution. A transition extending from Station 
4+51 to Station 4+66.5 was most satisfactory; however, the low side 
of the superelevated section at Station 4+51 was 6 inches lower than 
the chute floor at Station 4+66.5 (Figure 7). Thus, a portion of the 
chute floor did not drain. Therefore, a longer transition was desir-  
able to provide natural drainage. ' 

Recommended Chute 

Description. --A 46-foot-long transition terminating at Station 4+97 
was adopted for the recommended chute and a flow deflector was 
installed on the right side of the chute floor between Stations 5+27.50 
and 5+79.38, the P.C. of the vertical curve (Figure 9). The transi- 
tion was 30.5 feet shorter than the preliminary design and provided 
natural drainage for all parts  of the chute floor. The deflector con- 
sisted of two faces of a pyramid with the high point 1 foot above nor- 
mal floor elevation at  the right wall  of the chute. From the high 
point the pad sloped downward in three directions: (1) to the center- 
line of the chute; (2) downstream a distance of 21.38 feet to the P.C. 
of the vertical curve; and (3) upstream a distance of 30.5 feet to a 
contraction joint. 

Flow characteristics. --Velocities determined from the measured 
how depths at  Station 8+12.84 for gate-controlled flows were found 
to approximately represent the theoretical prototype values for a 
roughness coefficient of n = 0.013 in Manning's formula, Figure 10. 
Gate-controlled flows in the recommended chute (Figure 11) produced 
fairly uniform jets, particularly for 1,200 cfs (Figure 12). Fo r  
3,000 cfs the flow was concentrated slightly to the left of center and 
for 600 and 12,000 cfs the flow was concentrated slightly to the right. 
This same distribution was indicated by the flow depth measurements 
(Figure 10). 

The flow distribution could be changed by increasing o r  decreasing 
the head on the gates, particularly for the lower flows. When the 
head was increased, causing higher velocities in the chute, the con- 
centration of the jet moved to the left at 1,200 cfs. When the head 
was decreased, a s  with uncontrolled flow, the velocities were l e s s  
and jet was concentrated to the right of center for flows up to 3, 000 
cfs. However, these were not anticipated operating conditions and 
were not tested further. 

Preliminary Flip Bucket and Plunge Basin 

Descri tion. --The preliminary flip bucket (Figure 7) had a bucket & feet and a flip angle of 22.5O. The bucket invert was at 
elevation 8063.95 and the lip elevation was  8067.00. 



Flow characteristics. --The jet from this bucket severely eroded 
the discharge channel between the flip bucket and the r iver  channel. 

The model was operated starting with a. discharge of 600 cfs and 
increasing this in increments of 200 cfs to  a discharge of 3,000 
cfs. Considerable movement of the stones began at 1,800 cfs and 
at  2,400 cfs the jet eroded a 20-foot-deep hole about 110 feet down- 
stream from the bucket. 

The erosion hole formed during this test was used to  determine the 

Basin and Flip Bucket Modifications 

Since it was desired to provide energy dissipation for discharges 
up to  3,000 cfs the preliminary basin was lengthened 90 feet. The 
elevation of the  floor of thebasin.at the bucket was lowered 1 foot 
to  elevation 8059. The elevation of the lowest point of the Kasin, 
200 feet downstream f romthe  bucket, was maintained at  eleva- 
tion.8030; the invert of the basin flared from 40 feet wide at  the 
bucket to 100 feet wide in a length of 275 feet. At the s a m e  time 



were operating. Thus, the upstream end-of the-basin at elevation 
8059 was unsubmerged and subject to  erosion by small flows from 
the bucket. To avoid this, the floor of the basin at the end of the 
bucket was lowered to elevation 8045, At the same time the sloping 
chute was lengthened to place the bucket invert at elevation 8045 and 
the bucket lip 2 feet above pool elevation 8050. 

With this bucket arrangement the water surface level in the pool in- 
terfered with the undersurface of the jet. This interference caused 
an undercurrent that pulled the sand at the end of the bucket up through 
the 6-foot layer of riprap, thus lowering the riprap several feet at the 
upstream end of the basin. At 3,000 cfs the jet lowered the water sur- 
face in the pool to elevation 8045. o r  4 feet below the stream elevation 
a s  compared to 6 feet with the previous bucket arrangement. 

A basin that flared to a maximum width of 200 feet was tested with the 
bucket lip raised to  elevation 8057, and the bucket invert raised to ele- 
vation 8051.14. At a discharge of 3,000 cfs the water surface level in 
the pool was about 1 foot above that which occurred with the 100-foot- 
wide basin, which was not considered to be a sufficient gain in pool 
depth to warrant the more costly basin. 

Recommended Flip Bucket and Plunge Basin 

Description. --In the recommended flip bucket the invert was at ele- 
vation 8 W ~ l .  14 on the a r c  of a 20-foot radius (Figure 3).  .The lip of 
the bucket was at elevation 8057, on a 45qangle with the horizontal 
(Figure 4). The downstream portion of tiie l ip sloped downward on 
a lo0  angle for a distance of 12 inches. In the plunge basin (Figure 2) 
the invert sloped downward from elevation 8045 at the bucket to ele- 
vation 8030, 200 feet downstream. The basin then sloped upward on 
a 3:l slope to the discharge channel at elevation 8050. The floor of 
the basin was 40 feet wide at  the bucket and flared uniformly to a 
width of 100 feet at  the discharge channel. The side slopes were 
2:l. The side slopes, invert, and end slope were lined with a 6-foot 
layer of riprap ranging in size up to 36 inches in diameter. 

med in the bucket a s  it 
ver the bucket lip and 

pool. Between 500 and 
At 600, 1,200, and 

into the basin a s  de- 
e energy in the jet. 

a t  600 and 1, 200 cfs. At 3, 000 cfs, the ero- 
minor (Figure 16A). Erosion was noticed in 

om the flip bucket after 
ion at  flows up to 3,000 cfs. 



~h.<.6:fo&!~~+i- 6f rip& w&s :erod&d.t6 the underljring.'sand bed; . ' '  

how&~br~-t i i&i$l& and end' of [the basin 'remained intact. N o  ero-..' 
si~ri'.&~c~~re6-:inifheifirSf ,100 feet  bfLbasin, indicat 
6-foof'layer;of' r i p r ap  was ,ample:in +.. . th is  re'gion.. ; I '  I : . . . .  \ . .  ;. " ' I .  . ". . , . . 

Thbriprapped brrsiri was .cgpible of wi&fanding:fl 
3, 000:cfs arid'4,'50'0~cPs~for Short .periods; .However, corisider- 
able damage'occurred.at - t h e  end of the basin when the flow was 
incrkase&fo &;;a00 cfs ; :  As:theflow.waS"increased to 12;000 cfs-  : 
(FigiFes T7: and I%),.-the :point~of.~inipact moved farther'downstream 
and eventually was beyond the 3:l upward slope of--the 'basin; -.Ek.o-'- 
sion for these flows was severe (Figure 16B). If these flows should 
occu~5n,~the;~rdtdtyp&, 'maintendnci+may be requiretl t o  remove 'de- 
positis~of~~er~dedimat'e'rial'2hat~ifiig~ca~se excessive tailwater' ele- 
vations~~at'the.spillway flip Kucket .and. outlet works.' ':Repair of'tfie 
plungeiba$ifi:will<pGb&61'y!n6tCb> r&qui$$2 si~ck.fibne, of .the$e :flow$ 
caused any movement of the riprap within apprdximately 1-00,:feetof 
the flip bucket. Erosion . . of the downstream end of the basin would 
enlare .$h$j-,liinge. baSin:pdor % thel;eby, : i+retiss i& 'gffectiv&- -: 

&;for various 
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indicLgt&d :is Fi@j&? 17.?tjy.ith+,.g$fk .:$k&k ,a,+ross :the j&y:+';the.jb&-ket 
~ i p . ~ . ; ' ~ h e ~ i ~ t e r i f e ~ ~ ~ c ~ e ; ~ ~ ~ ~ : S ~ e d : : p ~ ~ t e - o  wa$er,:to.bg;pggled:fro~ : 

the !iinderg~r'f&-c+;6f:fhe~n&$Pe: &,d,ps@g.efit&d .& $A&d. apIje$r,a<ce .'. 
(~i~li+18)$.1 <~-ft& a?&@,$e i ibd  r0.f operat?o$gt the$g .high .'flo$& :. 
the an~*%:.>@f2$$f@rf$&e$c& .Ggs!:+<ducgd;bebause .th@ pdbl.elgv&ion': : 

low-&.~&d, & ~ g ?  aj .df ,liTg.~eei~a13 er6 ved ~ b - ~ d g ~ i + a m  :.! ,~ ;"+ 
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~ressui;k~::---~re,s'sures in the-recbmmended -flip .bucket :were .meas- 
ured to:ziid'inthe:ilFesien o'f:the elitrarice to a drain.'in the-left w 'd l  Of . . bucket near the invert-(Figur6;4),?,to '&id ,init~&;~$$~~tfi~a~.;d&s~gn!'bf': 
the walls, and to  verify the proper angle for the downstream face of 
the bucket lip. 

Pressures  at  the drain were positive a s  indicated by Piezometer 1 
(Figure 20). The inside diameter of Piezometer 1 was made geo- 
metrically. similar to that of the 6-inch drain, so that the drain itself 
'acted a s  a pressure tap. A piece of No. 18-gage sheet metal was placed 
along the wall on the upstream side of the drain so that the drC;-n en- 
trance was in effect recessed into the wall. This did x i ~ m a t e r i a l l y  
lowerthe pressure from that shown in Figure 20; therefore, i t  was 

' 
concluded that no subatmospheric pressures would exist at the drain 
,,butthat _the d.ownstream.edge of the recess  be,~pPe,~iiee+.an.a..J:24..slqpe 
w t o - p r o v i ~ ~ 7 $ ~ ~ t n ~ b ; t h $ , f l $ ~ ~ ~ & r f a ~  t 7 t i r  ~ : . ~ ~ ~ ; < ~ ? .  *. ,$ - :, ;; ;, " 2, y, .': .;)<::+; ', ! :h , ' ,.... ..- 

L. dL,*ii;d ", , . I ,  -7- .{;[! *2Tk:>[3uc: <-;c-5 .<. . . .t-"-:, ! ,  ,!A ,,.... rr 4.'. -,- :>"::x . c .  ,.,. ~ , ' : '  A. ' c?.,*-v::.!,.d' > > ,  . -!. .:!Jt:c: 

Pressures  at the base of the bucket walls were recoi.aed7~o %etkrmine 
themaximum pressure on the walls. Based upon the pressures 



tenths bf the bucket arc  length from the P. C. o i  the bucket curva- 
ture. Due to the unsymmetrical flow in the chute, piezometers 
were installed at the base of both walls at approximately 0.5, 0.6, 
and 0.75 of the arch length (Figure 20). The flow surfaces around 
all piezometers were made a s  smooth as  possible before taking 
the pressure measurements. Piezometer 3 was inadvertently 
placed on a slight angle away from the flow and a short distance 
above the base of the wall, which probably accounts for the lower 
readings at this piezometer. 

The maximum pressures were at the base of the right wall. At 
12,000 cfs the maximum observed pressure was approximately 
60 feet of water or 20 times the flow depth at the bucket invert. 
It was noted also that the pressure-flow depth rztio increased 
directly with discharge. 

Piezometer 7 was installed on the upstream side of the bucket 
lip at the centerline, to determine if the angle between the bucket 
invert and the downstream portion of the bucket lip was sufficient 
to prevent severe subatmospheric pressures. The floor of the 
bucket was constructed of sheet metal and bent downward 10' from 
horizontal to form the bucket lip. This provided a 5 5 O  change in 
direction which is 20' more than the recommended minimum21 
necessary to prevent severely subatmospheric pressures at The 
end of the bucket. Initial tests showed subatmospheric pressure 
equivalent to about 20 feet of water to exist on the upstream side 
of the lip; however, by increasing the dkarpness of the break in 
the sheet metal to more nearly represent the sharpness of the 
concrete prototype surface, the pressure was increased to 5 feet 
of water (Figure 20). Therefore, it was concluded that the proto- 
type would provide satisfactory pressures at the lip of the bucket 
and that there would be no tendency for the underside of the jet to 
cling to the downstream face of the lip. 

- Z/Paper No. 3236, mCE Transactions, Volume 126, Part I, 196 1, 
page 1270, "Improved ~unnel-spillway Flip Buckets, " by T . J. Rhone 
and A. J. Peterka. 
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GRANBY DAM SPILLWAY MODIFICATION 
ORIGINAL PROTOTYPE SPILLWAY DISCHARGING 

Figure  3 
Report Hyd 539 
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A. Spillway entrance in head box 

B. Spillway chute and tail box 

GRANBY DAM SPILLWAY MODIFICATION 
THE 1:36 SCALE MODEL 

Figure 5 
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FIGURE 





A. COO cfs 

B. 1,200 cfs 

. . - -.... ~. . . , ,&+za?FF-? 

C. 3,000 cfs 

GRANBY DAM SPILLWAY MODIFICATION 
FLOW FROM PRELIMINARY CHUTE AND FLIP BUCKET 



Figure O 
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3,000 cfs 

Note: The flow deflector is 1 foot high on 
right wall  at Sta. 5t58.00. 

GRANBY DAM SPILLWAY MODIFICATION 
RECOMMENDED CHUTE 

1:36 SCALE MODEL 





3.000 cfs 12,000 cfs 

GRANBY DAM SPILLWAY MODIFICATION 
FLOW IN RECOMMENDED CHUTE 

1:36 SCALE MODEL 





Figure 13 
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A. Riprap lined chwnel  exrending 150 feet  
downstream from h u , ~ , ~ t  

B. Erosion caused by 1 .200  c i s  discharge 

GRANBY DAM SPILLWAY .MODIFICATION 
EROSION IN RIPRAP LINED CHANNEL 

1:36 SCALE MODEL 
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B. 1.200 cfs 

C. 3.000 cfs 

D. 6.000 cfs 

GRANBY DAM SPILLWAY MODIFICATION 
OPERATION OF RECOMMENDED FLIP BUCKET AND PLUNGE BASIN 

1:36 SCALE MODEL 
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A. Erosion after 3,000 c f s  

GRANBY DAM SPILLWAY MODIFICATION 
EROSION IN THE RECOMMENDED PLUNGE BASIN 

1:3G.SCALE MODEL 
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Figure 17 
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